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The Division of Drosophila Germline Stem Cells
and Their Precursors Requires a Specific Cyclin
cystocytes in 16-cell cysts, nurse cells, and oocytes
(Figures 1F and 1G). In GSCs, the CycB level reaches
its peak in late G2, starts to decrease at metaphase,
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Durham, North Carolina 27710 and is reduced to background levels by early anaphase
(see Figure S1 in the Supplemental Data available with
this article online). This expression profile suggests that,
as expected, CycB accumulates in G2 phase to promoteSummary
the G2/M transition and is degraded in anaphase to
promote exit from mitosis. In somatic cells, CycB ex-A fundamental yet essentially unexplored question in
pression is also restricted to mitotic cells. It is presentstem cell biology is whether the stem cell cycle has
in somatic stem cells, prefollicular cells, and follicle cellsspecific features. Three B-cyclins in Drosophila,
but is absent from postmitotic cells such as terminalCyclins (Cyc) A, B, and B3, associate with CDK1 and
filament, cap, and inner sheath cells (Figures 1F andplay partially redundant roles in embryogenic mitosis
1G). Thus, CycB is expressed in all mitotic cells in larval[1, 2]. Here, we show that the division of Drosophila
and adult ovaries, suggesting its potential role in theGSCs and their precursors, the primordial germ cells
mitoses of these cells.(PGCs), specifically requires CycB. CycB is ubiqui-
tously expressed in both germline and somatic lin-
eages. However, CycB mutation does not have obvi- CycB Is Required for PGC Proliferation
ous effect on somatic development but causes PGCs in the Developing Ovary
to severely under proliferate. Moreover, both female To study the potential requirement of CycB for PGC
and male CycB mutant GSCs fail to be maintained proliferation, we examined third instar larval ovaries
properly. Removing Cyclin B specifically from female fromCycB2, a nullCycBmutant [2].CycB2mutant ovaries
GSCs causes the same defect, confirming the direct have an average diameter of 95.5  13.8 nm (n  6),
and cell-autonomous function of Cyclin B for GSCdivi- smaller than their heterozygous siblings (118.7  12.8
sion. In contrast, two other G2 cyclins, CycA and nm, n  10). Furthermore, a CycB2 ovary contains only
CycB3, are also expressed in PGCs and GSCs, but 39  28 (n  10) PGCs, as compared to 152  38 (n 
overexpressing CycA cannot rescue the CycBmutant 10) in a wild-type ovary (Figure 2C), even though the
defects. These results indicate that the requirement mutant PGCs are morphologically normal (Figures 2A
of CycB for PGC and GSC divisions unlikely reflects and 2B). These data suggest that the proliferation of
the insufficient level of G2 cyclins in the CycB mutant PGCs is severely affected without CycB. To determine
but is in favor of a distinct function of CycB in these the cell cycle defect that underlies PGC hypoprolifera-
cells. Our results indicate that stem cells may use tion, we stained CycB2 mutant ovaries for a mitotic
specific cell cycle regulators for their division. marker, phosphorylated histone-3 (PH3) [4]. In wild-type
ovaries, all phases of mitosis are readily identified (Fig-
ures 2D and 2F). However, in CycB2 mutant ovaries,Results and Discussion
mostPGCsare arrestedat lateG2phase, as indicatedby
their nuclear morphology and the PH3 staining patternCycB Is Expressed in PGCs and GSCs
(Figures 2E and 2G). This indicates that CycB is requiredIt has been reported that CycB mutant flies have rudi-
for PGC proliferation at least in part by promoting PGCmentary gonads [2]. To investigate whether CycB is in-
entry into the M phase.volved in GSC division, we first examined its expression
during GSC development. GSCs are established at the
larval/pupal transition from the subset of PGCs that con- CycB Is Required for GSC Maintenance
tact the somatic cap cells in the ovary [3] (Figure 1A). in the Ovary
In third instar larval ovaries, CycB protein is present at To follow the fate of PGCs in the CycB mutant during
various levels in PGCs, presumably reflecting the subsequent oogenesis, we examined the germline of
asynchrony of the PGC cell cycle (Figures 1C–1E). CycB the newly eclosed CycB2 mutant females. 47% of the
is also present in all somatic cells of the gonad except mutant ovarioles are completely devoid of germ cells
for postmitotic cells such as the forming terminal fila- (Figure S2B), whereas 35% of mutant ovarioles contain
ment and cap cells (Figures 1C–1E). only a few germ cells (Figure S2C). The remaining 18%
In the adult ovary, a GSC divides asymmetrically to contain a few differentiating germline cysts and occa-
self renew and to produce a differentiated daughter cell sionally a few egg chambers (Figures S2D and S2E).
called a cystoblast, which undergoes four more rounds These results clearly indicate that none of the PGCs in
of incomplete mitoses to produce a 16-cell cyst (Figure the CycB mutant larval ovary becomes self-renewing
1B). CycB is expressed at high levels in a subset of GSCs in the adult ovary. In addition, CycB is involved
GSCs, cystoblasts, and 2- to 8-cell cysts (Figure 1F) in cystoblast and/or cystocyte division because CycB
but is again absent from postmitotic cells, including mutant egg chambers often contain fewer than 16 cells
(Figure S2E).
The failure of PGCs to become self-renewing GSCs*Correspondence: h.lin@cellbio.duke.edu
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Figure 1. CycB Expression during PGC De-
velopment and Early Oogenesis
(A and B) Schematic drawings of a third instar
larval ovary (A) and an adult germarium (B).
In the larval ovary (A), nascent cap cells (CpC)
are located at the base of terminal filaments
(TF). PGCs that contact cap cells (GSC*) are
fated as GSCs. In the germarium (B), 2–3
GSCs, located in the apical region in contact
with cap cells, divide asymmetrically to pro-
duce a daughter GSC and a cystoblast (CB)
that divides four more times with incomplete
cytokinesis to form a 16-cell cyst. Spectro-
somes (Sp) mark GSCs and cystoblasts,
whereas fusomes (Fu) mark 2-, 4-, 8-, and 16-
cell cysts. Within the 16-cell cyst, 15 cells
later differentiate into nurse cells (NC), and
one becomes oocyte (O). Somatic stem cells
(SSC) are separated from cap cells by inner
sheath cells (IS). SSCs produce prefollicular
(PFC) and follicle cells (FC) that envelop 16-
cell cysts to form egg chambers.
(C–E) Confocal images of a third instar ovary
stained for CycB (C, red) and Vasa to mark
PGCs (D, green) with the images merged in
(E). (F) A germarium stained for CycB (red)
and spectrosomes/fusomes (green). (G) A
stage 2 egg chamber stained for CycB (red),
PH3 (green), and DAPI (blue).
could reflect either a direct requirement for CycB in tants (Figure 3D). At day 8 post induction, a wild-type
GSC produces 2.7  0.8 (n  40) germline cysts inGSCs during oogenesis or an indirect consequence of
PGC defects prior to oogenesis. In addition, it could be the germarium, whereas a CycB2 mutant GSC produces
2.0  0.8 (n  26) cysts. By day 14, a wild-type GSCa side effect of an ovarian somatic defect in the CycB
mutants. To distinguish between these possibilities, produces 3.51.0 (n50) cysts in theovariole,whereas
a mutant GSC produces only 1.1  0.4 (n  8) cysts.we removed CycB specifically from GSCs by inducing
CycB2mutant germline clones in the adult ovary by FLP-
FRT-mediated mitotic recombination (see Experimental
Procedures). Clones were identified by their lack of ex- CycB Is Required for GSC Maintenance
in the Testispression of the armadillo-LacZ reporter gene. The self-
renewingability ofGSCswasmeasuredwith twocriteria: Because CycB mutant males are also sterile [2], we
investigated whether CycB is required for male GSC(1) change in the percentage ofGSCclones in an ovary at
various time points after clone induction, which directly division. Like oogenesis, Drosophila spermatogenesis
begins with asymmetric GSC divisions that each pro-measures the rate of GSC loss; and (2) clone size (i.e.,
the number of cysts and egg chambers derived from a duces a daughter GSC and a differentiating daughter
cell (for review, see [6]). The latter, called a gonialblast,clonal GSC), which directly measures how many times
a clonal GSC has divided. Because it normally takes 7 further divides four times to produce a germline cyst
containing 16 interconnected primary spermatocytes.days for a GSC to develop into an egg chamber [5],
clones present in the germarium 8 days after induction The spermatocytes then grow in size and enter meiosis.
Because male GSCs start self-renewing divisions at theshould be derived from GSCs. Wild-type GSC clones
were observed in 21%  6% (n  188) of the ovarioles first instar larval stage (reviewed in [7]), we examined
the defect of third instar larval and young adult CycBat day 8 after clonal induction, whereas CycB2 mutant
GSC clones were present only in 11% 0.6% (n 231) mutant testes by staining with the anti-VASA antibody
for germ cells and anti-1B1 antibody for spectrosomesof ovarioles, 52% of the wild-type level (Figures 3A–3C).
At 14 days after clone induction, althoughwild-typeGSC and fusomes. At this time, a wild-type testis contains
not only GSCs but also many differentiating germlineclones were present in 34%  6.8% (n  155) of the
ovarioles, CycB2 mutant GSCs were present in 7%  cysts up to the spermatocyte stage (Figure 4A). In con-
trast, the CycB2 mutant testis contains few or no GSCs4.2% (n 118) of theovarioles, only 20%of thewild-type
level. This increasing difference after clone induction and only a small number of germline cysts (Figure 4B).
By the adult stage, the wild-type adult testis contains aindicates that CycBmutant GSCs are progressively lost
during oogenesis. full complement of germ cells (Figure 4C), whereas the
adult CycB2 mutant testis contains only a few germ cellsThe above conclusion is further supported bymeasur-
ing the clone size of GSCs in wild-type and CycB mu- (Figure 4D). These results indicate that CycB is required
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Figure 2. CycB Mutant PGCs Arrest at the G2 Phase in Larval Ovaries
(A and B) Confocal images of a wild-type and a CycB2 mutant third instar larval ovary, respectively, stained with anti-Vasa (green) and anti-
1B1 (red) antibodies.
(C) The number of PGCs in wild-type (WT) and CycB mutant ovaries (ovary, n  10).
(D–G) Wild-type (D and F) and CycB2 mutant (E and G) third instar larval ovaries stained for PH3. Germline cells are distinguished from somatic
cells by their large and round nuclei (nucleus staining not shown). TF region is outlined in (D) and (E). In wild-type ovaries (D), mitotic PGCs
are readily detected at prometaphase (pm), anaphase (a), and telophase (t), whereas in CycB2 mutants (E), most of PGCs are arrested at G2
phase with prominent nuclei displaying punctate PH3 staining (arrows). (F) and (G) are high-magnification views of a prometaphase PGC in
wild-type (F) and a G2-arrested PGC in CycB2 mutant (G) ovaries. The bar in (A) is for (A), (B), (D), and (E); the bar in (F) is for (F) and (G).
Figure 3. CycB Is Required Cell Autonomously for Female GSC Proliferation
(A and B) Wild-type (A) and CycB2 mutant (B) GSC clones generated in the adult germaria (see Supplemental Data). LacZ (red)-negative cells
are clones derived from a single GSC. The anti-Vasa antibody (green) marks all germ cells.
(C) The clone induction efficiency (the percentage of clone-containing ovarioles) of wild-type (WT) and CycB2 mutant GSCs was measured at
8 and 14 days after clone induction.
(D) The number of germline cysts derived from a single wt or CycB2 mutant GSC in an ovariole.
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Figure 4. CycB Is Required for Male GSC
Self-Renewing Division
Confocal images of wild-type (A and C) and
CycB2mutant (B and D) third instar larval (A
and B) and adult (B and D) testes stained for
Vasa (green) and 1B1 (red). Similar to female
GSCs and cystoblasts, male GSCs and gonial-
blasts are marked by spectrosomes, whereas
early germline cysts are marked by fusomes.
Sp cyst, spermagonia cysts; Spc cyst, sperm-
atocyte cyst.
for the self-renewing division of male GSCs and for the cells. Both CycA and CycB3 are coexpressed with CycB
in PGCs and GSCs. In these cells, CycA is localized tofurther development of testicular germline cysts.
the cytoplasm, nucleus, and the fusomes at different
phases of the cell cycle, whereas CycB3 is predomi-CycB Is Dispensable for Somatic Cell Proliferation
In contrast to its germline requirement, CycB appears to nantly nuclear [9] (Figure S3 and data not shown). Fur-
thermore, both CycA and CycB3 are expressed inCycB2be dispensable for somatic cell divisions in both sexes.
First, the proliferation of somatic cells in CycB mutant mutant PGCs and GSCs (data not shown). This rules
out the possibility that the requirement of CycB is duelarval ovaries is largely normal. There are comparable
number of terminal filaments formed in awild-type (18.3 to its unique expression or subcellular localization. This
conclusion is further supported by a recent demonstra-1.5, n 10) andCycB2mutant third instar ovary of similar
age (17.8  1.5, n  10), with on average 11–13 cells tion that the function of CycA does not depend on its
subcellular localization [10].for each terminal filament. Both apical andbasal somatic
cells display normal morphology and organization (cf. To determine whether the requirement for CycB re-
flects an insufficient dose of G2 cyclins in the CycBFigures 2A and 2B). Second, somatic cells also prolifer-
ate normally in CycB2 mutant adult ovary, producing mutants, we overexpressed CycA in theCycBmutant by
heat shocking theCycB2mutant containing a transgenicnormal number of follicle cells that envelop germline
cysts (Figures S2B–S2E). The frequency and size of a hs-CycA gene (hs, hsp70 promoter). Heat shock-
induced expression of this transgene has been reportedCycB mutant follicle cell clone are comparable to that
of a sister clone (data not shown), indicating the division to be able to rescue the cell cycle block in CycA;CycB
double mutant embryos [1] and also produce 32-cellof neither somatic stem cell nor follicle cell is severely
affected. Third, testicular somatic cells, including the phenotype in wild-type adult ovaries [9]. We verified the
function of hs-CycA by heat shock-induced overexpres-hub cells, appear to be normal in both third instar and
adult mutant testes (Figures 4B and 4D), suggesting sion of this gene in adult females, which reproduced the
32-cell germline cyst phenotype. We then determinedthat CycB is dispensable for somatic cells in the testis.
Finally, the nullCycBmutant flies are viable, even though the ability of this hs-CycA gene to rescue the CycB
mutant phenotype with hs-CycB gene as a positive con-the mitoses in CycB mutant embryos are not entirely
normal [1]. This further indicates that CycB is not re- trol. CycA was overexpressed in the CycB2 mutant at
different stages of germline development to see if thisquired in the extraovarian somatic lineages.
will rescue the CycB mutant defect in PGC and GSC
proliferation. Heat shocks starting at second and thirdCycA Cannot Functionally Substitute CycB
in the Germline instar larval stage allowed hs-cycB to rescue the CycB
mutant phenotype to almost completion (93% and 80%,Why is CycB ubiquitously expressed in both somatic
and germline cells yet specifically required for the GSC respectively; Figure S4). Even heat shocks starting from
newly eclosed stage to 4-day-old adult showed 8% oflineage? The currently favored theory is that the func-
tional differences between the same types of cyclins rescue. Under none of these conditions, hs-CycA even
partially rescued the CycB mutant phenotype (Figureare largely determined by when and where they are
expressed, rather than by which substrates they induce S4). These analyses indicate that the requirement of
CycB for PGC and GSC divisions unlikely reflects theCDKs to phosphorylate [8]. To determine whether CycB
is the only G2 cyclin expressed in PGCs and GSCs, we insufficient level of G2 cyclins in the CycB mutant but
is in favor of a distinct function of CycB in these cells.examined the expression of CycA and CycB3 in these
Current Biology
332
spectrosome was counted as one PGC. Total PGC number in anThis conclusion is supported by the previous report that
ovary was determined by manually marking every nonoverlappingCycB3 is not required for PGC or GSC divisions [2].
PGC from each slice. Ten ovaries from both wild-type and CycB2
mutants were counted this way.
Conclusions
Here, we have demonstrated that a specific cyclin is
Supplemental Data
required for the division of the GSC lineage in Drosoph- Supplemental Data include four figures and can be found with this
ila. Our results suggest that stem cells and/or the germ- article online at http://www.current-biology.com/cgi/content/full/
15/4/328/DC1/.line may require distinct cell cycle components for their
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